Background Chronic heart failure (CHF) leads to diaphragm myopathy that significantly impairs quality of life and worsens prognosis. In this study, we aimed to assess the efficacy of a recently discovered small-molecule inhibitor of MuRF1 in treating CHF-induced diaphragm myopathy and loss of contractile function. Methods Myocardial infarction was induced in mice by ligation of the left anterior descending coronary artery. Shamoperated animals (sham) served as controls. One week post-left anterior descending coronary artery ligation animals were randomized into two groups-one group was fed control rodent chow, whereas the other group was fed a diet containing 0.1% of the compound ID#704946-a recently described MuRF1-interfering small molecule. Echocardiography confirmed development of CHF after 10 weeks. Functional and molecular analysis of the diaphragm was subsequently performed. Results Chronic heart failure induced diaphragm fibre atrophy and contractile dysfunction by~20%, as well as decreased activity of enzymes involved in mitochondrial energy production (P < 0.05). Treatment with compound ID#704946 in CHF mice had beneficial effects on the diaphragm: contractile function was protected, while mitochondrial enzyme activity and up-regulation of the MuRF1 and MuRF2 was attenuated after infarct. Conclusions Our murine CHF model presented with diaphragm fibre atrophy, impaired contractile function, and reduced mitochondrial enzyme activities. Compound ID#704946 rescued from this partially, possibly by targeting MuRF1/MuRF2. However, at this stage of our study, we refrain to claim specific mechanism(s) and targets of compound ID#704946, because the nature of changes after 12 weeks of feeding is likely to be complex and is not necessarily caused by direct mechanistic effects.
Introduction
Skeletal muscle wasting and weakness develops in several clinical conditions including chronic heart failure (CHF), pulmonary hypertension, cancer, immobilization, and sepsis.
In CHF, this loss of muscle mass and function occurs in both limb and respiratory muscle and is associated with exercise intolerance, dyspnoea, and prognosis. [1] [2] [3] [4] Therefore, reducing muscle wasting as a therapeutic intervention has the potential to modulate quality of life and reduce mortality.
Mechanistically, the activation of so-called atrogins leading to enhanced muscle protein degradation, via the ubiquitin proteasome system (UPS) or autophagosome, is a central step [5] [6] [7] in muscle wasting. In this process, the activation of the muscle ring finger protein 1 (MuRF1) is believed to drive the poly-ubiquitylation of proteins scheduled for degradation via the UPS. 8, 9 The central role of MuRF1 in modulating muscle mass is further supported by observations of upregulated MuRF1 expression in numerous clinical conditions associated with muscle wasting, 5,10 as well as after pharmacological intervention (e.g. induction of muscle atrophy by glucocorticoids, inflammatory cytokines, or reactive oxygen species), [11] [12] [13] while its inactivation can partially abolish fibre atrophy. 11, 12, 14 Accordingly, significant effort has been invested to down-regulate MuRF1 therapeutically, for example, by a small-molecule inhibition, 15 adenoviral-mediated knock-down, 16, 17 or by exercise training, 18 where downregulation in expression correlated with reduced muscle wasting.
We recently described a small molecule (compound ID#704946, molecular weight 490 Da) that inhibited MuRF1 expression/activity in vivo and was able to attenuate skeletal muscle atrophy and dysfunction in mice treated with monocrotaline to induce right ventricular hypertrophy and subsequent cardiac cachexia. 19 In that earlier study, the compound ID#704946 was given 1 week before monocrotaline treatment was initiated, complicating the interpretation of therapeutic applicability. In the present study, we therefore addressed the question of compound ID#704946's efficacy in a more clinically relevant cardiac disease model [myocardial infarction (MI)-induced heart failure] and a setting of secondary prevention (first treatment dose post-MI).
Because of the key role MuRF1 plays in muscle atrophy following cardiac failure, we hypothesized that compound feeding may influence muscle wasting and loss of function in this clinically relevant animal model. Our results indicate muscle atrophy and dysfunction as partially reversed in compound-treated animals and the phenotypic rescue to be mechanistically associated with a protection of mitochondrial function as documented by metabolic energetics and proteomic homeostasis.
Materials and methods

Animals and study design
C57/BL6 female mice (n = 70) underwent an MI to induce CHF or sham surgery, where a surgical silk suture ligated the left anterior descending coronary artery (LAD) as previously described. 20, 21 One week after LAD ligation, echocardiography was performed to confirm MI, and only mice with a large infarct [left ventricular ejection fraction (LVEF) <20%] were subsequently randomized into either receiving normal chow (CHF, n = 11) or chow supplemented with compound (0.1% of compound ID#704946, CHF + 704946, n = 12) as recently described. 19 Sham animals that underwent surgery but where the LAD was not ligated served as controls and were fed normal chow (sham, n = 15). Nine weeks after randomization, echocardiography was repeated, and animals were sacrificed to collect tissues for functional and molecular characterization ( Figure 1A) . All experiments and procedures were approved by the local Animal Research Council, University of Leipzig, and the Landesbehörde Sachsen (TVV 36/15).
Echocardiography and histology of the heart
As previously described, 20 echocardiography was performed in M-mode at 1 and 10 weeks post-surgery, with left ventricular end-diastolic (LVEDD) and systolic (LVESD) diameters assessed to allow calculation of left ventricular (LV) fractional shortening (LVFS = [LVEDD À LVESDLVEDD] × 100).
At sacrifice, the medial portion of the heart was fixed in 4% phosphate-buffered saline (PBS)-buffered formalin, and sections (2 μm) stained with Picosirius red were then mounted on glass slides for subsequent analysis. A computer imaging software (Analysis 3.0, Olympus Soft Imaging Solutions GmbH, Münster, Germany) was then used to demarcate the infarct boundary, defined by a significant loss in LV myocardium tissue and presence of fibrotic tissue (i.e. a thinning in the LV wall ±2 SDs of mean wall thickness), as previously described. 20 Average infarct size (%) was then quantified as the ratio of infarct circumference-to-overall LV circumference.
Contractile function
A fibre bundle from the diaphragm was isolated to allow in vitro contractile function to be assessed using a lengthcontrolled lever system (301B, Aurora Scientific Inc., Aurora, Canada), as previously described. 19, 22 Briefly, a muscle bundle was mounted vertically in a buffer-filled organ bath (~22°C), set at optimal length, and after 15 min was stimulated via a force-frequency protocol using 1-300 Hz (600 mA, 500 ms train duration, and 0.25 ms pulse width). The muscle was then subjected to a force-velocity protocol where it was allowed to shorten against external loads (80-10% of the maximal tetanic force; each separated by 1 min) after being stimulated at 150 Hz for 300 ms. Shortening velocity was determined 10 ms after the first change in length and on the linear section of the transient (DMA software, Aurora Scientific Inc.). Force (N) was normalized to muscle crosssectional area (CSA; cm 2 ) by dividing muscle mass (g) by the product of L o (cm) and estimated muscle density (1.06), which allowed specific force in N/cm 2 to be calculated. Shortening velocity was normalized to optimal muscle length (in L o /s), while power was calculated for each load as the product of shortening velocity and specific force (in W/cm 2 ).
Diaphragm analyses
Paraffin-embedded diaphragm sections (3 μm) were stained with periodic acid-Schiff, and fibre CSA was subsequently evaluated by imaging software (ImageJ, open source software). For quantification of fibre-type distribution, paraffin sections (3 μm) were incubated for 1 h after antigen retrieval with a primary antibody to slow myosin heavy chain (1/75 dilution, Abcam, Cambridge, UK). After extensive washing with PBS, the sections were incubated with an anti-mouse peroxidase secondary antibody (1 h, Sigma, Taufkirchen, Germany, 1:250), followed by AEC (3-amino-9-ethylcarbazole) staining. Positive-stained (type I fibres) and negative-stained fibres (type II fibres) were counted by image analysis software (ImageJ), and per cent distribution was calculated.
Proteomic and western blot analysis
Mass spectrometry-based proteomic analysis was performed at the DZHK Core Facility, Bad Nauheim, Germany (see details in the Supporting Information). Obtained MS raw data were processed by MaxQuant (1.6.0.1) 23 using the Andromeda search engine and the Uniprot database for Mus musculus (as of 20 April 2017). At a false discovery rate of 1% 24 (both peptide and protein levels; see also Supporting Information, Figure S1 ), >2600 protein groups were identified. The reductive dimethylation protocol employed 25 yielded pairwise relative comparative quantitation (ratios) between proteins from CHF + 704946, CHF, and sham conditions, which were statistically queried for significant differences (see details in the Supporting Information). Selected polypeptides detected as significantly changing were validated using western blotting. For western blot analyses, frozen diaphragm was homogenized in relaxing buffer (90 mmol/L HEPES, 126 mmol/L potassium chloride, 36 mmol/L sodium chloride, 1 mmol/L magnesium chloride, 50 mmol/L EGTA, 8 mmol/L ATP, and 10 mmol/L creatine phosphate, pH 7.4) containing a protease inhibitor mix (Inhibitor Mix M, Serva, Heidelberg, Germany) and sonicated. Protein concentration of the supernatant was determined (bicinchoninic acid assay, Pierce, Bonn, Germany), and aliquots (5-20 μg) were separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis. Proteins were transferred to a polyvinylidene fluoride membrane and incubated overnight at 4°C using the following primary antibodies: porin and telethonin (both 1/1000, Abcam, Cambridge, UK), MRPS-5 (1/500, Thermo Fisher, Rockford, IL, USA), MuRF1 and MuRF2 (both 1/1000; raised in the Labeit laboratory 26 and also commercially available from Myomedix, Neckargemünd, Germany), and Tom20 (1:200, Santa Cruz Biotechnologies, Heidelberg, Germany). Membranes were subsequently incubated with a horseradish peroxidaseconjugated secondary antibody, specific bands were visualized by enzymatic chemiluminescence (Super Signal West Pico, Thermo Fisher Scientific Inc., Bonn, Germany), and densitometry was quantified using a one-dimensional scan software package (Scanalytics Inc., Rockville, MD, USA). Measurements were normalized to the loading control GAPDH (1/30 000; HyTest Ltd, Turku, Finland) or α-tubulin (1:1000, Santa Cruz Biotechnologies). All data are presented as fold change relative to sham.
Enzyme activity measurements
Diaphragmatic tissue was homogenized in relaxing buffer, and aliquots were used for enzyme activity measurements. Enzyme activities for lactate dehydrogenase (EC 1. Table S1 . Relative quantification of gene expression was calculated by CT method with Polr2a and Tbp as housekeeping genes as recently described.
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Transcriptome analysis was performed as briefly outlined. Barcoded stranded mRNA sequence libraries were prepared from high-quality total RNA samples (~200 ng per sample) using the Illumina TruSeq RNA Sample Preparation v2 Kit (Illumina, San Diego, CA, USA) implemented on the liquid handling robot Beckman FXP2. Obtained libraries were pooled in equimolar amounts; 1.8 pmol/L solution of this pool was loaded on the Illumina sequencer NextSeq 500 and sequenced unidirectionally, generating~500 million reads, each 85 bases long. Base calling of the sequencing run was performed using bcl2fastq v2.20 (Illumina, San Diego, CA, USA). Sequencing reads were aligned onto Mus musculus genome reference (GRCm38.p6-mm10) with STAR aligner.
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Read counting was performed using the STAR's in-built implementation of HTSeq-count. 35 Transcriptomic analysis was carried out using the DESeq2 v1.22.2 package.
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Statistical analyses
Data are presented as mean ± standard error of the mean. One-way analysis of variance followed by Bonferroni post hoc was used to compare groups, while two-way repeated measures analysis of variance followed by Bonferroni post hoc was used to assess contractile function (GraphPad Prism).
Significance was accepted as P < 0.05.
Results
Mouse model of chronic heart failure
One week post-MI, 23 out of 70 LAD-ligated mice (32%) exhibited a significant impairment of cardiac function, as evidenced by an~75% reduction in LVEF ( Figure 1B ) and~72% reduction in LVFS ( Figure 1C) as compared with sham. These mice were randomly assigned to two different groups, receiving either control or compound ID#704946-supplemented diet for 9 weeks. Compared with sham mice at 10 weeks, MI-induced mice developed typical signs of CHF, as evidenced by pulmonary congestion (i.e. increased lung weight) and greater cardiac mass ( Table 1 ). In addition, echocardiography revealed an enlarged left ventricle (significant increase LVEDD and LVESD) and impaired LV function (reduction in LVEF and LVFS) ( Table 1) . Mean infarct size was~30% (Figure 1) . No significant differences in lung or cardiac parameters were detected between compound ID#704946-treated and nontreated CHF animals, suggesting groups were well matched in terms of disease severity.
Chronic heart failure-induced diaphragm myopathy
Compared with sham animals, mice with CHF on control chow developed a diaphragm myopathy at week 10: significant muscle weakness in the diaphragm was demonstrated across a range of stimulation frequencies ( Figure 2A) , with maximal force reduced by 21% ( Figure 2B ). An impairment between sham and CHF animals was also apparent from power generation measured in fibre bundles ( Figure 2C) , with peak power reduced by 28% ( Figure 2D ). This muscle dysfunction was accompanied by muscle atrophy, as evidenced by a 21% reduction in fibre CSA in CHF ( Figure 3A and 3B).
Feeding with compound ID#704946 attenuates diaphragm myopathy in chronic heart failure Consistent with our previous report, 19 feeding of compound ID#704946 was well tolerated by the mice, and food intake did not change (data not shown). Compound feeding resulted in significant contractile benefits to the diaphragm: maximal force (Figure 2A and 2B) and peak power ( Figure 2C and 2D) were improved, while fibre atrophy was only slightly but not significantly improved ( Figure 3A and 3B) . No difference in skeletal muscle fibre type I proportion was evident between the three groups ( Figure 3C and 3D).
Proteome analyses
To generate hypotheses on the molecular mechanisms underlying the observed physiological changes and benefits, we next performed comparative quantitative proteomic analysis of diaphragm tissue from sham, CHF, and CHF + compound-treated mice. Using standard statistical tests, several proteins were identified to be statistically different (e.g. TNNT3, Timm9, Ccdc5, Adi1, Ptges3, and Ndufa3). After applying multiple hypothesis testing (Benjamini-Hochberg; corrected P < 0.05) for comparison of CHF mice with and without compound feeding, only Mrps5 (mitochondrial ribosomal protein 5) remained as a significantly up-regulated protein (P = 0.02; Figure 4A ). This finding is reinforced by the fact that the protein is also found significantly enriched in the CHF + compound vs. sham comparison. Western blotting was used to confirm this difference in all animals used in the study ( Figure 4B ), and as a result, mitochondrial dysfunction was hypothesized to be involved in CHF-induced myopathy.
Compound ID#704946 treatment normalizes mitochondrial metabolism and MuRF2 expression
Because proteomic profiling data generated the hypothesis of an impaired mitochondrial homeostasis, we proceeded with measuring enzymatic activities of key mitochondrial enzymes. Measuring specific enzyme activity of mitochondrial enzymes including CS ( Figure 5A ), SDH (
Figure 5B), and mitochondrial complex I ( Figure 5C ) revealed a significant reduction by 21, 28, and 27%, respectively, in the diaphragm of CHF animals when compared with sham. No difference was noted for creatine kinase ( Figure 5D ). The amount of mitochondria in diaphragm tissue, as assessed by the protein expression of the mitochondrial porin expression ( Figure 5E ) and TOM-20 (Figure 5F ), was also significantly reduced in CHF mice. Consistent with effects on mitochrondrial functions, treatment with compound ID#704946 partially improved CS, SDH, and mitochondrial complex I enzyme activity ( Figure 5A -C) and resulted in near-normal porin and a modest, but statistically significant, improvement in TOM-20 expression ( Figure 5E and 5F). In contrast, when assessing cytoplasmic enzymes for glycolysis and fatty acid metabolism (glycolysis: pyruvate kinase and lactate dehydrogenase; fatty acid metabolism: β-hydroxyacyl-COA dehydrogenase), no difference was detected between the three groups ( Figure 6A-C) . We further evaluated how the expression of MuRF1 and MuRF2, an isoform of MuRF1, responded to the development of CHF and feeding with compound ID#704946. MuRF1 and MuRF2 expression was significantly up-regulated in the CHF group ( Figure 7A and 7B), and this was prevented by treatment with compound ID#704946 (Figure 7A and 7B). Quantifying the expression of telethonin, a MuRF1 target protein, a trend (P = 0.08) towards a reduced expression in the CHF group was observed, which was not evident in the compound ID#704946-treated group ( Figure 7C ).
Treatment of myotubes with compound ID#704946
Transcriptome analysis of C2C12 myotubes treated for 20 min with compound ID#704946 was performed by realtime-reverse transcription PCR and next-generation sequencing. Analysing the expression of pre-specified genes (MafBx, MuRF1 and MuRF2, Tom20, and porin) detected only small minor changes (4-10% reduction by compound ID#704946) (Supporting Information, Figure S2 ). Running unbiased next-generation sequencing of the samples revealed that out of 16 383 genes in the reference, 13% (2165 genes) did not have enough read counts to be part of the analysis (mean count of reads across samples was <1). No genes were identified as outliers, and 87 genes (0.53%) were found differentially expressed between control and treatment but with relative small changes (log2 fold change <±1). Out of the 87genes, 63 had higher expression in the treated samples, and 24 had lower expression in the treated samples. For a detailed view of the altered genes, see Supporting Information, Table S2 .
Differential scanning fluorimetry analysis
In vitro, compound ID#704946 significantly lowers the melting temperature of 'MuRF1 central', as indicated by DSF ( Figure  8 ). 
Discussion
It is well established that the development of CHF in patients is associated with skeletal muscle atrophy and dysfunction, which contributes to exercise intolerance and dyspnoea. 19, 20, 22, [37] [38] [39] A decline in force generation of~20% in the diaphragm is apparent as soon as 72 h post-MI, 20 approaching the magnitude observed in end-stage CHF. 22 Studies on patient biopsies and on murine models suggest that the underlying mechanisms are complex and include an activation of the UPS, autophagy, inflammatory response, and apoptosis (for review [40] [41] [42] ). In this multivariate interplay, induction of MuRF1/MuRF2 has, however, been recognized as an important step, in particular for fibre atrophy and dysfunction. 43, 44 In the present study, we thus tested the potential therapeutic benefit of the recently described MuRF1 inhibitor compound ID#704946 19 in a clinically relevant model of CHF, and the results of the study can be summarized as follows:
i The development of CHF is associated with diaphragm atrophy and dysfunction, which is significantly reversed by compound ID#704946. ii Enzymes involved in mitochondrial energy production and mitochondrial homeostasis were significantly impaired in diaphragm tissue during CHF, whereas treatment with compound ID#704946 essentially normalized their activity/expression. , and telethonin (C) was quantified by western blot analysis. MuRF1 and MuRF2 were significantly up-regulated in the chronic heart failure (CHF) group (A, B), which was attenuated in the CHF-704946 group. A bigger effect of compound ID#704946 was seen for MuRF2 when compared with MuRF1. For telethonin expression, a trend towards lower expression was evident in the CHF group, which was attenuated after compound feeding (C) Data are presented as mean ± standard error of the mean.
iii Feeding with compound ID#704946 had no apparent undesired side effects such as on the reduced cardiac contractility and myocardial hypertrophy response in this murine heart failure model.
Treatment of diaphragm dysfunction and atrophy by compound ID#704946
Diaphragmatic weakness of 15-20% as reported for heart failure in the present study is comparable with other diseases like mechanical ventilation and sepsis, 45, 46 critically ill patients, 47 or pulmonary hypertension 48 and is reported to be of clinical relevance with respect to mortality. 49 In the present study, we tested the effects of compound ID#704946 when fed to animals 7 days after the MI for 9 weeks as a secondary prevention. Earlier observations from our group documented that 3 days post-MI diaphragmatic function is significantly impaired. 58 It is of note that in the present study, no exaggerated cardiac hypertrophic response was evident when feeding compound ID#704946 during the development of CHF, an observation that nevertheless requires validation in additional studies on non-stressed animals.
Potential underlying mechanisms
The molecular analyses performed in the present study suggest that a decay of mitochondrial function is involved in CHF-induced muscle dysfunction and that compound ID#704946 is able to rescue mitochondrial impairment.
Comparing protein expression by quantitative proteomic analysis and follow-up for specific mitochondrial enzyme activities confirmed diminished mitochondrial energy production and homeostasis in CHF as reversed by treatment with compound ID#704946. In particular, Mrps5 was the protein with the highest significant induction by compound ID#704946, which was confirmed by conventional western blot analysis. Mrps5, a member of the family of mitochondrial ribosomal proteins, was first described in Caenorhabditis elegans, where it was causally involved in regulating lifespan. 59 Knock-down of Mrps5 resulted in reduced mitochondrial respiration, and the worms displayed reduced ATP levels and CS activity. 59 Consistent with this, we detected a clear reduction of mitochondrial complex I activity, which was reversed by compound ID#704946 treatment. The essential role of mitochondrial dysfunction in the pathology of muscle atrophy is described in many muscle atrophy models including disuse, diabetes, ageing, and CHF. 39, [60] [61] [62] In the context of CHF-induced diaphragm weakness, a pivotal involvement is further supported by the observation that reduction of mitochondrial reactive oxygen species by MitoTEMPO counteracted the dysfunction.
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The exact molecular mechanism by which compound ID#704946 exerts these beneficial effects on the mitochondria remains to be determined, as this compound was originally identified as an inhibitor of the interaction between the MuRF1 and the giant myofibrillar protein titin. Our DSF results suggest a destabilization of MuRF1's coiled-coil region caused by compound ID#704946 in vitro. With regard to signalling effects caused by compound ID#704946 during feeding in vivo, future studies are required to determine if MuRF1 destabilization occurs also in vivo (possibly accounting for the modest reduction of MuRF1 steady-state expression levels) or if binding of compound ID#704946 to MuRF1's central region attenuates target recognition (possibly inhibiting binding to titin and/or increasing myocellular telethonin levels, see the succeeding texts). Previous studies on the cellular interacting partners of MuRF1 identified numerous myofibrillar proteins and also many genes involved in mitochondrial biology and energy metabolism.
64 Consistent with this, transgenic overexpression of MuRF1 in skeletal muscle shows perturbed carbohydrate metabolism and glucose tolerance in mice. 26 Therefore, we previously speculated that an induction of MuRF1 in the skeletal muscles during chronic stress (e.g. CHF 65, 66 ) may trigger MuRF1 to ubiquitinate nuclear-encoded proteins of the mitochondrial respiratory chain during their cytoplasmic transport to the mitochondria in an effort to conserve energy metabolites. Accordingly, treatment by compound ID#704946 could reverse this detrimental effect in chronic stress states where MuRF1 acts as a negative regulator of mitochondrial energy production. In accordance with this hypothesis and our previous report, 19 a significant up-regulated MuRF1 expression was evident in CHF, which was blunted by compound ID#704946. In line with the effect of compound ID#704946 on MuRF1 expression, also a trend towards a reduced expression of telethonin, a known substrate for MuRF1, 67,68 was seen in CHF, which was also blunted in the compoundtreated group. To our surprise, we also detected a significant modulation of MuRF2 by compound ID#704946. A possible explanation why compound ID#704946 also attenuates MuRF2 induction is that the recombinant MuRF1 fragment, which was used to fish compound ID#704946 from the inhouse EMBL compound collection, corresponds to its central coiled-coil domain (MuRF1cc) that is highly conserved between MuRF1 and MuRF2.
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Therefore, compound ID#704946 may act on both MuRF1 and MuRF2, and studies are ongoing to determine this. Future studies are also required to determine if the modest reduction of MuRF1 expression in the compound ID#704946-treated group, or rather an attenuated interaction of MuRF1 with its target proteins, or mechanisms unrelated to both underlie its protective effects. Furthermore, preliminary high-performance liquid chromatography-mass spectrometry studies indicated after intraperitoneal or oral delivery a rapid appearance in serum, followed by a fast metabolization. Therefore, additional studies are mandatory to determine the metabolism and bioavailability of compound ID#704946.
Study limitations
An important principal limitation of our study is the relevance of the used murine model for human heart failure: the underlying mechanisms may principally differ between human and mice, but in this study, we tried to control for this by following CHF closely by echocardiography and selecting mice as appropriate to mimic the human condition. Another limitation is that the used compound is unrelated to other known drugs. Presently, no pharmacological data or data on toxicity, pharmacokinetics, and bioavailability are available. As such, follow-up studies are needed to determine if compound ID#704946 indeed can be a future drug candidate.
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